Abstract We present 19 cases of zebra pattern structure (ZPS) and fiber bursts (FB) in radio bursts in frequency range around 3 GHz, and one such case in the range 5.2-7.6 GHz, using the new microwave spectrometer of NAOC between 2.6-3.8 and 5.2-7.6 GHz (China, Huairou station) with high resolution (10 MHz and 8 ms). The FB and ZPS have about the same spectral parameters: the frequency bandwidth of emission stripes ∆f ∼ 20 MHz, the frequency separation between the emission and the neighboring low frequency absorption −∆f ea ∼ 30 MHz and the frequency separation between emission stripes (when a periodic structure persists) ∆f s ∼ 60-70 MHz. Therefore we consider both these fine structures to be whistler manifestations, i.e., interactions of plasma electrostatic waves with whistler waves (generated by the same fast particles with loss-cone anisotropy) l + w → t. The duration of the fiber bursts of about 2 s corresponds to whistler waves propagating undamped at about 2 s, which requires a whistler increment < 0.5 s −1 . In the frequency range 3-7 GHz the relation between the ratios of plasma to cyclotron frequencies and whistler to cyclotron frequencies is almost independent of the decrement of whistler electron damping. This finding is used to obtain the magnetic field strength in the region of generation. For a reasonable value of electron temperature (2-20 MK), we find B = 125−190 G when the electron density is (8−18)×10 10 cm −3
INTRODUCTION
Zebra-pattern structure (ZPS) and fiber-bursts (FB) (or bursts with intermediate frequency drift) are well-known fine structures in the metric and decimeter continuum emission of type IV E-mail: yyh@bao.ac.cn solar radio bursts (Slottje 1981) . In the microwave range we could find only some indications of a probable zebra-pattern in Isliker & Benz (1994) . But now with new microwave spectrometer of National Astronomical Observatories, Chinese Academy of Sciences, NAOC (Huairou station) with higher resolutions (10 MHz and 8 ms) one can observe detailed zebra pattern and fiber bursts at high frequencies.
Concerning the interpretation of such fine structures, the interaction of plasma electrostatic waves (l) with whistler waves (w) (generated by the same fast particles with loss-cone anisotropy) is a well-accepted emission mechanism for fiber bursts: l + w → t with freely escaping electromagnetic waves (t) in the ordinary (o) mode (Kuijpers 1975) .
Zebra-patterns are more complicated structure, and many mechanisms were proposed (Zhelznykov & Zlotnik 1975; Kuijpers 1975; Chernov 1976; Mollwo 1983 Mollwo , 1988 . The majority of these are based on electrostatic emission at the double plasma resonance. The most advanced model in this category, proposed by Winglee & Dulk (1986) , is based on cyclotron non-saturated maser emission by a loss-cone electron distribution.
However, some difficulties remain with all these versions: -the frequency separation between the zebra stripes ∆f s corresponds to the cyclotron frequency, and this is hard to reconcile with its often irregular variation with frequency; -the magnetic field deduced from ∆f s , seems too low for the flare region and we are faced with the difficulty of having plasma
1 (a well-accepted value for magnetic trap in active regions). An important point missing in previous theories is that a loss-cone distribution generates whistlers, which in turn affect the electron velocity distribution.
In addition, many features of zebra stripes and fiber bursts are similar: this led Chernov (1976 Chernov ( , 1989 to propose a common interpretation for these two kinds of fine structure, based on the coupling of plasma wave and whistlers, but in different conditions of the whistler instability: -for fiber bursts, at the cyclotron resonance under the normal Doppler effect when whistlers propagate along the magnetic loops; -for zebra-stripes, under the anomalous Doppler effect, when whistlers propagate at various angles to the magnetic force lines (Maltseva & Chernov 1989; Chernov et al. 1998) .
Here we describe and analyze four bursts with fine structures (1998-04-15; 1998-06-12; 1999-08-25 and 2000-10-29) . Their dynamic spectra are similar to the zebra pattern structures (ZPS) in type-IV bursts, which are much better known at around a few hundred MHz than around 3.5 GHz. We consider the fine structure of these bursts as whistler manifestations. Whistler (w) yields a principal contribution in the fine structure radioemission (t) by means of coupling with Langmuir waves (l) at sum as well as difference frequencies: ω l ± ω w = ω t . (Kuijpers 1975; Chernov 1976) . If the whistler waves cause observed zebra pattern bursts they must propagate undamped longer than 1 s. According to a damping factor of exp(−γt) which requires γ < 1 s −1 , hence γ/ω w < 10 −7 for ω w ≈ 10 7 s −1 (for metric wavelength range). As Mann, Karlicky and Motschmann (1987) supposed, this is fulfilled in the solar corona for ω w /ω B 0.2. On the other hand in (Chernov et al. 1998 ) the frequency separation between the emission and the neighboring low frequency absorption of a zebra stripe is determined by 0.1 f B . Also the instantaneous bandwidth of the fibers in the model, constructed by Kuijpers (1975) , corresponds to a frequency ω w /ω B ≈ 0.1 ∼ 0.5. However such considerations were made for low frequency range (≈ 100 ∼ 300 MHz). Because of such differences and also because of higher frequency in our observation, we have made more detailed simulations for frequencies about 3 GHz.
OBSERVATION
There were 19 ZPS and FB cases in four flare events observed by broadband radio spectrometer at Huairou, Beijing, and two remarkable events (1998-04-15 and 2000-10-29) are discussed here in more detail. The characteristics of these bursts are listed in Table 1 : the duration of event −∆t, the frequency separation between emission and neighboring low frequency absorption −∆f ea , the emission frequency band −f b , and the number of stripes n. The sign of polarization R is the same for all bursts. Only for the FB in the event 2000-10-29 at 02:26:21 UT do we see a peculiarity in the polarization behavior: in the beginning of the interval the fibers were almost unpolarised, but some fibers near the end had strong R-polarization; and in the event 1999-08-25 in the range 5.2-7.6 GHz the polarization was weak. The right-hand polarization of both remarkable events corresponds to ordinary radio magneto-ionic mode. A moderate degree of polarization may be connected with a depolarization during the propagation of radio emission in the solar corona through the perpendicular (or rather null) magnetic field (see Chernov and Zlobec 1995) . The event of 1998-04-15 at 08:01:29 UT with complicated fine structures was described for the first time by Ning, Fu and Lu (2000a, b) . This radio burst over the frequency range 3.29-3.80 GHz is shown in Figure 1 , including the dynamic spectrum and the multi-channel view in the emission of right-handed polarization. During the event Solar Geophysical Data reported a Hα SN C8.8 flare detected by GOES and SVTO in the AR NOAA 8203, located at N29W15. In addition, there was also a coronal mass ejection event on that day.
For this burst the right polarization was strong. In the time period 08:01:28-08:01:31 UT the fine structure consisting of three narrow frequency bands (∼ 20 MHz) was observed. The average distance between the bands is about 65 MHz. Especially distinct bands were observed at 08:01:29 00-08:01:30 UT. At this time all the bands show drift to higher frequencies (df /dt ≈ 300 MHz s −1 ) and then the drift is towards lower frequencies (df /dt ≈ −100 MHz s −1 ). Fig. 1 Radio spectrograms recorded on 1998-04-15 by the spectrometer of NAOC (2.6-3.8 GHz). Top: the dynamic spectrum between 3.29-3.8 GHz of 3.5 s duration with a time resolution of 8 ms, presenting a zebra-pattern with oscillating frequency drift; bottom: the multi-channel time profile, demonstrating irregular intensity and different frequency band of each zebra-stripes.
Many properties of fine structures in this event were discussed by Ning, Fu and Lu (2000b) . The main discussed problem is whether the structure in Figure 1 is a real ZPS or an evolving emission line (EEL), similar to the EEL in the event 1992-02-17 (Chernov et al. 1998) . Not all the arguments in favour of EEL contradict the ZPS interpretation l + w → t.
The EEL in the event 1992-02-17 is a high frequency boundary (near 500 MHz) of the radio emission for the whole event, but in our event 1998-04-15 that is not evident, and on all scales it was much weaker (a short impulsive event) in comparison with the former one. We have the relative bandwidth of the emission line ∆f /f ∼ 20/3700 ≈ 0, 0054, similar to the values for ZPS in the metric range. For the EEL in the event 1992-02-17 it was considerably larger at ∼ 12/450 ≈ 0.027.
The period of oscillation of the emission line in Figure 1 being two orders of magnitude smaller (1.5-2 s), it is not compatible with any slow MHD oscillations of a magnetic arch, rather, it is very possible for ZPS wiggles. Fig. 2 Radio spectrograms of zebra-patterns (in the right polarization) during the evolution of the event 2000-10-29 between 02:19-02:27 UT with slow negative frequency drift. Top: the emission consists of spike-like pulses; middle: zebra-stripes with positive frequency drift, evolving into almost stable stripes on the frequency; bottom: some fiber bursts with typical negative frequency drift in the left part of the spectrum and two zebra-stripes with wiggles in the right part. Fig. 3 Continuation of the evolution of zebra-pattern in the event 2000-10-29. Top: some wiggles of zebra-stripes and fiber bursts as a structure of emission pulsation of 2-3 s duration; middle: multi-channel time profile of the structures; bottom: some irregular zebra-stripes with wiggles.
Some images in 195 A line of TRACE data show that the radio burst coincides in time with a new bright loop above the tail spot of the AR of south magnetic polarity according the SOHO/MDI magnetogram. The event 2000-10-29 is one with the richest fine structure. During about 20 minutes the ZPS and FB were followed by intermittent pulses of some seconds duration. The FB had a maximum value ∆f -band ∼ 1.3 GHz, and the ZPS, only 0.42 GHz, but instrumentally there is a frequency gap in the spectra between 2.6-2.0 GHz. This event was connected with an H α 2B M4.4 flare in AR NOAA 9209, located at S25E35. The evolution of the ZPS and FB is shown in the Figures 2, 3 and 4. The fine structure was observed in numerous emission pulsations with duration of a few seconds. The ZPS showed different frequency drifts: slow negative, positive or wiggles (Figures 2, 3) . The fiber bursts overlapped often with the zebra pattern, and the emission frequency band was about the same for both structures (see the bottom of Figure 2 and the top of Figure 3) . In Figure 4 after some ZPS wiggles we can see a series of strong FB with different periodicities and a constant frequency drift ∼ −244 MHz s −1 . The FB and ZPS have about the same spectral parameters: the frequency bandwidth of emission stripes ∆f ∼ 20 MHz, the frequency separation between the emission and the neighboring low frequency absorption −∆f ea ∼ 30 MHz and frequency separation between emission stripes (when a periodic structure persists) f s ∼ 60-70 MHz. Therefore we consider both fine structures as whistler manifestation.
For the event 2000-10-29 we use the radio source position at 17 GHz of Nobeyama radio heliograph and SOHO/MDI magnetogram and we define the radio source position above the tail spot of the AR, but in its south magnetic polarity. The event 1999-08-25 is included in Table 1 , because the first ZPS (some stripes with wiggles) were observed in the frequency range 5.3-7.5 GHz.
DISCUSSION
The dynamic spectrum shown in Figure 1 is similar to the zebra pattern structure (ZPS) in type-IV bursts. The explanation of this ZPS was made by Ledenev, Yan, Fu (2000) in terms of effect of amplification of longitudinal waves under double plasma resonance ω 2 P + ω 2 B = sω B , where ω P is the plasma frequency and ω B is the electron cyclotron frequency (Zheleznyakov & Zlotnik 1975; Zheleznyakov 1996) . It was supposed that magnetic field strength decreases faster with the height h than does the electron density. It was even supposed that ω P (h) = const. It does not conform well to the conditions of the solar atmosphere in active regions. Thus, in (Lang et al. 1993) , it was shown that, between photosphere and corona, the magnetic field strength is decreased only by 10-20% whereas the electron density is decreased by some orders of magnitude. So we prefer to propose another explanation, connected with generation of whistler waves. In this model the loss-cone distribution of fast electrons is assumed. The losscone distribution generates the Langmuir and whistler waves (Kuijpers 1975) . There are two possibilities to explain the narrow band emission, when for electrons the resonance velocity v parallel to the ambient field is determined by
This is the resonance at the normal Doppler effect (−) and at the anomalous Doppler effect (+). For the Cherenkov resonance the length of the beam, which is relatively large, determines the bandwidth of the emission and, as observations show, cannot be less than about 10%. We suppose that the radio source of the fine structure was located near the place of fast particle acceleration. And in such case the distribution function of fast particles may be a beam including an anisotropy in the perpendicular velocities, which could generate whistlers both at normal and anomalous Doppler effect almost simultaneously. The frequency position of the ZPS on the spectra at the high frequency edge (even as a high frequency limit for the whole burst emission for all the events) supports such a proposal.
For a Maxwellian plasma of temperature T the permittivity of whistler waves propagating along the external magnetic field is (Scharer & Trivelpiece 1967) 
where k w is the wave number of the whistler waves, v t , the thermal electron velocity, and Z, the plasma dispersion function (Fried and Conte 1961 )
We take Z(z) to be of the form of
because the function Erf (z) is a built-in function in some programming languages (e.g. Mathematica 4). With real k Equation (1) provides a complex ω w = ω wr + iγ, (ω wr is the real part of ω w ).
As γ ω wr , γ ω B − ω wr and |ω wr ReZ | |γ ImZ | we can solve Equation (1) 
where
The influence of fast electrons on electron cyclotron damping is considered to be weak, and (2) is the same as equation (12) in Kuijpers (1975) , for n h = 0. The duration of ZPS bursts is about 2 s. If the whistler waves propagate undamped for about 2 s, then accordingly to a damping factor of exp(−γt) that requires γ < 0.5 s −1 , or γ ω w < 10 −9
for ω w ≈ 2π × 35 × 10 6 s −1 (ω w ≈ 2π × ∆f ea -is taken from Table 1 ). We solve Equation (2) for ω B for different values of electron temperature and for values of γ ω w ∈ [10 −9 − 10 −12 ]. The results are shown in Table 2 . The electrons are in resonance with the whistler mode when the velocities are (Benz 1993 ) Total o-mode polarization requires that the x-mode is evanescent
where Θ is the propagation angle of the transverse wave relative to the magnetic field. The range in frequency 1 2 ω B cos Θ is consistent with the observed average bandwidth of 10 −2 ω P for Θ < Θ cr , where 1 2 ω B cos Θ cr = 10 −2 . The values β R = V R c and Θ cr are listed also in Table 2 . These data enable us to obtain the value of the magnetic field strength in the generation region, where ω P = 2π × 3.6 × 10 9 s −1 . We have: B = 85, 110, 130, 170 G, respectively, for T = 2×10 6 , 5×10 6 , 1×10 7 , 2.2×10 7 K. The magnetic field strength depends weakly on the electron temperature. We observe ZPS in the C8.8/SN flare and consequently the temperature of flare generation region may be large enough. The middle temperature of the flare loops is 2.2×10 7 K (Doschek 1990 ). Hence we suppose that the magnetic field strength for our case is about 170 G. Of course, if one has SXR observations of the flare region (Yohkoh data) then one could determine the value T more exactly and hence more exactly determine the magnetic field strength. For the other ZP event the values of magnetic field strength in G are listed in Table 3 . Let us consider the collisional absorption for the emission of ZP and fibers. The optical depth of collisional absorption for frequencies near to plasma frequency is (Benz 1993) τ = 23.2 × 10 −19 f 2 T −3/2 H/ cos(Θ) ln Λ ,
